Abstract. Ultra-thin optical structures, known as metasurfaces, have shown promising light controlling capability at the nanoscale. In this paper, we study their particular case, a periodic array of high-refractiveindex nanoparticles with electric and magnetic resonances. The main result of the work is a numerical demonstration that the lattice effect in the periodic arrangement of nanoparticles changes the resonance position even if the resonances are above the diffraction wavelength (Rayleigh anomaly). We show that the disk resonance changes can be achieved not only by varying periods of the array under normal light incidence but also by changing the incident angle.
Introduction
Nanoparticles, their arrays, and oligomers are essential building blocks for different optical elements, metasurfaces, and photonic devices. The nanoparticle resonances enable control of light at the nanoscale and efficient scattering, absorption, reflection, transmission, and so on [1] . The interplay of waves scattered by electric and magnetic resonant modes facilitates interesting effects such as directional scattering, Kerker effect [2, 3] , and strong non-radiative excitations (anapoles) [4] . Various scatterers have been studied in detail: dielectrics [5] and nanoparticles with plasmon-[1, 6, 7] or phonon-polariton excitations [8] , including materials with hyperbolic dispersion [9, 10] , to name but a few. In the engineered nanostructures, the aim is to achieve the strongest nanoparticle resonances which can be used for efficient light harvesting in photovoltaics [11, 12] , nanolasers and medical treatment [13] , imaging with subwavelength resolution [14] , detectors and sensors [15] , etc. Recently, high-index dielectric nanoparticles [5, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] have been actively explored as building blocks of metasurfaces. Because of the Mie resonance excitations, the high-index nanoparticles facilitate low radiative losses in the structure. At the same time, such designs possess relatively low nonradiative losses in comparison to conventional plasmonic structures.
Periodic arrays of nanoparticles have gained a special attention [29] [30] [31] [32] [33] [34] [35] [36] [37] because of extraordinary lattice resonances in the proximity to the wavelength of diffraction (i.e. the wavelength of Rayleigh anomaly, RA). It has been known that the lattice resonances are particularly strong when the RA wavelength is on a red side of the single-particle resonance. The lattice-resonance spectral width depends on its proximity to the singleparticle resonance and significantly decreases when the RA wavelength is far away on the red side of the single-particle resonance. In the lattice, effective electric and magnetic dipole moments are defined by the contributions from the lattice of dipoles along the direction of dipole emission. Thus, for instance, for polarization with E-field along the x-axis, the period of the array Dx controls excitation of magnetic dipole lattice resonance and the period Dy controls electric dipole lattice resonance [19, 20] . This means the lattice resonances can be controlled independently and brought into overlap by array dimensions tuning [21, 22] .
In this work, we show that dipole resonances of the array are strongly affected by the lattice, even when they do not overlap with the RA wavelength. We are mainly concerned when the RA wavelength is on the blue side of the single-particle resonance and no additional lattice resonances are excited. We numerically study high-index dielectric disks and identify electric and magnetic Mie resonances in the absorption spectra for different disk diameters, periods of the array, and angles of light incidence. We demonstrate that the resonances change upon variations of the light incidence angle, and we show a relation to the change of array periods. We observe that angle change in transverse magnetic (TM) polarization controls the position of magnetic dipole resonance (MDR) and in transverse electric (TE) polarization, the angle change controls electric dipole resonance (EDR), which is in a good agreement with earlier experimental observations [24] . These results indicate that depending on the initial position of single-particle resonances, the latter can be brought closer and/or into overlap under the proper choice of array periods and angle of light incidence. For the analysis, we intentionally choose disk dipole resonances spectrally separated from each other to show a possibility to control each resonance independently. Alternatively, the resonances can be spectrally close (see experimental work [24] ), and one can achieve their overlap with the small changes in the angle.
Results

Normal light incidence
To start with, we consider a single disk with the height h = 130 nm and different diameters d. The permittivity of the disk is silicon (data from experimental results [38] ) and the surrounding material is air with εo = 1. We perform numerical modeling with frequency-domain solver of CST Microwave Studio commercial package. Figure 1a shows excitations of the EDR, MDR, and higher multipole resonances for the single disk (inset in Fig. 1a ). In this parameter range, the toroidal mode is also excited in the proximity to the EDR [4], but it is relatively weak, and we do not consider it here. From Fig. 1a we observe that at the normal light incidence of a plane wave, the EDR and MDR overlap for d ≈ 350 nm, and the EDR is excited at a larger wavelength for d > 350 nm in contrast to spherical nanoparticle where λMDR > λEDR. While multipole resonances appear as maxima in absorption, the total scattering cross-section shows both increased and decreased values around the resonances (Fig. 1b) . In particular, the total scattering is increased on the red side of the EDR and decreased on the blue side of the resonance, which is typical for the nanoparticles with such dimensions [4] . Distributions of electric and magnetic fields in xz-and yz-coordinate planes, respectively, confirm the excitation of the EDR and MDR at the moment of corresponding field maximum inside the nanoparticle (insets in Fig. 1b) . Disk diameter d = 500 nm is chosen for the further analysis to ensure the EDR and MDR are spectrally distinguished from each other and the lattice effect can be separately studied for each of the resonance. Now we consider a regular array of such disks with periods Dx and Dy in x-and y-directions, respectively (Fig. 2) . The polarization of the incident plane wave is along the x-axis. In this case, period Dx controls the position of the MDR and electric quadrupole (EQ) resonance [35] , and period Dy controls the EDR and magnetic quadrupole (MQ) resonance. When both periods are changed simultaneously, both the EDR and MDR experience redshift (Fig. 3) . Similar to the total scattering cross-section of the single disk, the reflectance is increased on the red side of the EDR and decreased on the blue side of the resonance. The resulting resonance changes under normal light incidence are summarized in Table 1 . Fig. 2 . Schematic view of the silicon disk array in the air. Nanoparticles have diameter d and arranged into the array with the periods Dx and Dy. Light incidence k is normal to the array plane, and electric field E is along the x-axis. 
Oblique light incidence
Now let us consider an oblique light incidence on the single disk at the different angles θ (Fig. 4a,b) . Additional resonances are induced in both TM and TE polarizations: in the former case, field component Ez ≠ 0 induces extra modes; and in the latter case, Ex remains in the array plane, but the oblique incidence brings an additional component of propagating wavevector ky ≠ 0. At the angles θ ≠ 0⁰ the conditions of resonance excitation change. In TM polarization, for 10⁰ < θ < 80⁰, extra mode appears at the wavelength λ ≈ 950 nm, and for θ > 45⁰, the resonances correspond to the nanoparticle with inverted aspect ratio and λMDR > λEDR. In TE polarization and θ > 30⁰, extra resonances appear in the range 800-950 nm as well as the MDR at λ ≈ 1520 nm.
Oblique light incidence on the periodic disk array effectively changes the distance between resonant multipoles in the lattice. In this case, the lattice resonance positions shift, and the comparison of array resonances with the single disk resonances reveals the lattice effect. The spectral position of RA can be found from the equation for TM polarization: 
and for TE polarization: 
where nx and ny are the integers 0, ±1, ±2,…, kx and ky are the in-plane components of the incident wave wavelength and the only one that corresponds to λRA > Dx,y is the case ny = 0, nx = -1, and λRA = Dx(1+sinθ) for TM polarization and the case nx = 0, ny = -1, and λRA = Dy(1+sinθ) for TE polarization. These diffraction limits are marked in Fig. 4c-f as the black lines.
Importantly, TM polarization corresponds to kx ≠ 0 which is an equivalent of Dx change: see Eq.
(1). It means that the lattice interaction of the MDR and EQR is affected in TM polarization, and the EDR and MQR are not affected. This conclusion is in a good agreement with results in Fig. 4c ,e. In turn, TE polarization corresponds to ky ≠ 0 and effective change of Dy, affecting lattice interaction of the EDR and MQR, but not affecting the MDR and EQR (Fig. 4d,f) . The results of resonance changes under oblique light incidence are summarized in Table 1 . The extra mode that appears in TM polarization at the wavelength λ ≈ 950 nm for 10⁰ < θ < 80⁰ is not affected by the lattice effect. For TE polarization, the additional resonances and their spectral position changes are defined not only by the lattice effect but also by the change of the excitation conditions of each nanoparticle in the array.
The considered above silicon nanoparticles array is an example of a structure out of realistic material, dispersive and lossy. Such behavior of the EDR and MDR under change of array period and angle of light incidence is observed not only for silicon nanoparticles but also for the nanoparticles with permittivity ε = 20 + 0.01i (see Figs. 6-8 in Appendix). For the disks with such higher permittivity and lower losses, the multipole resonances are better pronounced and spectrally more separated. Numerical simulations show that the MDR or EDR changes its position under oblique light incidence with TM or TE polarization, respectively, and we expect that these array properties can be observed for a wide range of materials with high refractive index. Finally, we confirm the effects described above are valid not only for the hypothetical silicon disk array in the air but also for nanoparticles on a substrate and with a top coating. The detailed analytical and numerical analyses of silicon nanoparticle arrays on the substrate have been performed for a variety of substrate indices and nanoparticle shapes (see e.g. [12, 25, 28] ). Substrates with the high refractive index can cause a reflection that significant alternates response of the structure as a whole. However, substrates with the moderate refractive index or uniform coating of nanoparticles do not change the main effects that we discuss in the present work. To illustrate this, we consider the substrate with moderate refractive index n = 1.5, which is close to the index of silicon oxides, glasses, and polymers (Fig. 5a ). Although the MDR is significantly weaker than for the case of the uniform environment, it clearly shifts to the larger wavelength upon an increase of the incidence angle θ. At the same time, the EDR remains on the unchanged position. The same is seen for the case of the substrate and top coating with n = 1.5 which effectively mimics a uniform environment around the nanoparticles (Fig. 5b) . It is often used in the experimental work [16, 24, 26] and eliminates the effect of an additional interface and undesirable reflections from it. Thus, as we show by the examples of the substrate with and without top coating, the oblique incidence of light in TM polarization mainly affects the MDR and shifts its position to the larger wavelength moving along the RA wavelength. The same as (a) but with an addition of a top coating of material with the same n = 1.5. The case of the substrate and top coating effectively corresponds to the uniform environment with n = 1.5. The lines for θ = 10º and 15º are interrupted at the RA wavelength. In both cases with and without top coating, the MDR shifts to larger wavelength in agreement with the case without substrate or coating.
Discussion
The most remarkable feature of the considered arrays is that even when the RA wavelength is spectrally far away from the disk resonance (100-200 nm in wavelength difference), the lattice arrangement still affects the resonance position. This observation contradicts the misconception that lattice period does not affect resonance position when the resonance wavelength is greater than the diffraction wavelength [16, 24, 26] . One can see from Fig. 3 that for high-index nanoparticle array, both the EDR and MDR experience a strong redshift upon a change of periods Dx and Dy and the resonances avoid crossing with RA.
For the oblique light incidence on a single disk, we observe that resonances almost do not change their spectral positions. In fact, the resonances may vanish, or new resonances may appear upon the large change of incidence angle. This result is in a good agreement with the previous study of the single silicon disk with a relatively high aspect ratio (height is 220 nm and diameter is 100 nm) and consequently the reverse resonance positions, that is λMDR > λEDR [23] .
However, the experimental results in the earlier work [24] have shown that for the closely-packed array of nanoparticles, the EDR and MDR strongly respond to the change of angle of incidence. It has also been reported that the response is qualitatively different in TM and TE polarizations. Motivated by the work [24] , here we choose disk with spectrally separated resonances, and we perform analysis of array resonances and their responses to different angles. We show that the main role is played by the arrangement of disks in the array and the lattice effect. Similar to the effect of periods Dx and Dy on the resonance positions under normal light incidence, RA presence under oblique light incidence significantly changes resonance position even though the diffraction wavelength is 100-200 nm spectrally away from the resonance.
In the experiment [24] , the disk resonances appear relatively far away from the diffraction. But, as we have just shown, the effect of the lattice becomes pronounced even when resonances do not overlap with the RA wavelength. Increasing the angle of incidence, the RA wavelength is moved and so does the position of either EDR (in TE polarization) or MDR (in TM polarization). Thus, one can explain why it is polarization dependent: oblique incidence in TM polarization effectively changes the distance between magnetic dipoles (see Eq.
(1)) and in TE polarization between electric dipoles (see Eq. (2)). In the present work, we have clearly shown that the main effect of resonance shifts in [24] comes from the lattice and the change of RA position and not from moving disk resonances by the angle of excitation.
Multipole calculations in [24] have also revealed an additional electric and magnetic quadrupole resonances excited at the wavelength of dipole resonances and moved along with the latter, but the effect has not been explained. Being orthogonal to the dipole moments (i.e. an integral of the mode overlap is zero), the quadrupole moments do not interact with the dipole moments in the case of the single nanoparticle. As has been shown in our previous work [37] , the situation is different for a periodic nanoparticle array, and there, the quadrupole moments are coupled to the dipole moments through the lattice sum. Specifically, the MDR is coupled with the electric quadrupole resonances and by analogy, the EDR is coupled to the magnetic quadrupole resonances. The same relation is observed in [24] , and the excitations of quadrupole resonances at the wavelength of dipole resonances confirm the dominating role of the lattice effect in the array.
Conclusion
We have studied electric and magnetic resonances in high-index dielectric disks and the lattice effect on the resonance position. First, we analyzed a single silicon disk with various diameters and showed that the absorption spectra should be used to identify resonances rather than the scattering cross-sections. The latter is affected by the interplay of multipole moments and their interference and thus can be misleading. Further, for the identified multipole resonances of the single disk, we showed their control by the lattice dimensions. In contrast to the previous studies, we have shown the lattice effect in the case when the RA wavelength is spectrally far away from the single-particle resonance and on the blue side of it. We have analyzed the oblique light incidence on the disk array and shown that the effects of angle variations on the resonances are similar to the period changes and the resonance position can be controlled accordingly. The MDR changes its position under different angles in TM polarization, and the EDR is responsive to the TE polarization. Our theoretical explanation and numerical results are in a good agreement with the earlier experimental observations of the incidence angle dependence and resonances overlap in the array of silicon disks. This provides an additional degree of freedom in designing metasurfaces and should be taken into account in the analysis of multipole resonances in the periodic arrays.
Appendix
Below we show results for the nanoparticles with permittivity ε = 20 + 0.01i which real part is slightly higher than silicon. Disk height h = 100 nm is adjusted to tune the resonances at the wavelength range the same as for silicon, and the rest of the parameters are kept the same. All effects discussed above are present in this case, and they are better pronounced because of the higher permittivity value and larger separation of the EDR and MDR. reflection. In panels (a) and (b) period Dx changes, and Dy is fixed. In panels (c) and (d) period Dy changes, and Dx is fixed. In panels (e) and (f) both periods change simultaneously Dx = Dy. 
